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Abstract. Forest research has addressed the importance of an improved understanding of drought–s-
tocks interactions in the dry edge of tree species range. Nonetheless, more efforts are still critically needed
to link up the multiple ways by which climatic stressors can trigger tree mortality, including population-
level determinants and management. Here, we analyze the interactive effects of North Atlantic Oscillation
(NAO), a surrogate of climatic variability in southwestern Europe, and forest stocks on tree mortality in
dry-edge populations of the most widespread Eurasian tree species, Pinus sylvestris L., in the forest of
Valsaın (central Spain). Specifically, we use tree mortality data gathered since 1941 in six multiannual peri-
ods. Results suggest that the main mortality risks in these forests can occur either in positive or negative
NAO phases, but that their relative impacts are critically mediated by forest structure. In NAO+ periods,
commonly associated with warm–dry conditions in the Iberian Peninsula, a peak of mortality was found in
closed forest sections, whereas the second peak, found in open forest sections, was related to NAO- peri-
ods, correlated with temperate-rainy weather conditions. This finding reinforces the key role of manage-
ment—through its control on forest structure—as a driver of forest vulnerability to climate. Accounting for
the multiple ways in which stocks modulate tree responses to different risks emerges as a critical element
when it comes to the design of efficient adaptation measures in managed dry-edge forests.
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INTRODUCTION
Forest structure and its associated functions
and services may experience dramatic changes
due to drought-induced tree mortality in water-
limited environments (Allen et al. 2010). Interest-
ingly, a number of empirical accounts have
described tree mortality as a complex phe-
nomenon that often results from synergies
between a number of potential predisposing fac-
tors, such as tree crowding and/or insect out-
breaks, together with climate (Franklin et al.
1987, Dale et al. 2001). In space, interactions
between population-level determinants (such as
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tree competition in dense stands) and climatic
anomalies have revealed critical to define tree
mortality patterns properly (Ruiz-Benito et al.
2013). In time, the interplay between different cli-
matic stressors and tree stocks has nonetheless
received less attention, mostly due to the difficul-
ties to obtain suitable information on past popu-
lation-level determinants and the scarcity of
long-term mortality records in forests.
Drought is one of the most important plant
stressors at the dry edge of tree species ranges
worldwide (Allen et al. 2010). An intense drought
can cause sudden tree die-off by inducing hydrau-
lic failures and the collapse of vascular tissues
(Anderegg et al. 2016). In isohydric species (i.e., in
species having strong stomata regulation in
response to water shortage), tree death during
prolonged dry spells may also be attributed to car-
bon starvation (McDowell et al. 2011, Sevanto
et al. 2014). Alternatively, intense/prolonged
drought can trigger cascading processes that can
lead to forest dieback eventually (Bigler et al. 2007,
Heres et al. 2012, Camarero et al. 2015). For
instance, drought has been reported critical in trig-
gering subsequent insect outbreaks as well as dis-
eases and other pests (Wermelinger et al. 2008,
Breshears et al. 2009). A number of tree-ring stud-
ies have evidenced this pattern after specific
extreme drought pulses in temperate latitudes
(e.g., Dobbertin and Rigling 2006). Yet, these stud-
ies usually did not account for neighborhood com-
petition. In general, the upscaling of individual
tree performance (in terms of radial growth
responses) to infer tree mortality stand dynamics
remains a challenge. It is therefore critical to ana-
lyze alternative information such as historical
management archives to unveil how climate–for-
est stock interactions drive stand dynamics in dry-
edge forests (Canadell and Raupach 2008).
At low latitudes, temperate and boreal species
tend to inhabit mountain environments where
abiotic determinants other than drought may
play a role in tree mortality (Kajimoto et al. 2004,
Barbeito et al. 2012). For instance, overexposure
of individual trees to physical damage associated
with snowfall, ice glaze, winds, and floods can
raise mortality, particularly in dense stands
where shadier conditions impose higher height:-
diameter ratios (Won and O’Hara 2001). In these
forests, windstorms pose a major threat and silvi-
culture is oriented toward providing wind stable
edges to felling areas (Mason 2002). Alterna-
tively, at the dry edge, drought is considered a
main threat (Herrero et al. 2013) and manage-
ment here aims at controlling stand density to
minimize competition during drought periods
(Young et al. 2017). These two paradigms, how-
ever, may be in conflict when applied to Mediter-
ranean mountains where populations of
Eurasian species persist at the dry edge of their
distribution and where both storms and
droughts may play a critical role.
Here, we study the role of forest stocks (i.e.,
wood volume per hectare) in driving natural tree
mortality of Scots pine (Pinus sylvestris L.) at its
dry edge on the central Iberian Peninsula. We
assess the interactive effects between forest
stocks and climate over the past 70 yr in the for-
est of Valsaın (Spain), where Scots pine is the
dominant tree species. We hypothesize that for-
est stocks correlate with increasing natural tree
mortality by aggravating the deleterious effects
of aridity during dry–warm periods (Ruiz-Benito
et al. 2013, Young et al. 2017). Likewise, we
hypothesize that this effect may be reversed dur-
ing wet–cold periods due to the protection of tree
crowding against winter storms, strong winds,
and snow. To this end, we use the North Atlantic
Oscillation (NAO) index as a climatic mode
linked to atmospheric sea surface level pressures
that relates to windstorms as well as patterns of
temperature and precipitation variability at
annual to decadal timescales (Trigo et al. 2004,
Lopez-Moreno et al. 2011, Madrigal-Gonzalez
et al. 2017, 2018).
MATERIALS AND METHODS
Study area
The Valsaın pinewood (Pinar de Valsaın) lies on
the northwestern slopes of the Guadarrama
Mountains (Sierra de Guadarrama), in the central
sector of the Iberian Central Range. Since 2013,
this forest is part of the Peripheral Protected Area
of the Sierra de Guadarrama National Park. The
Valsaın pinewood covers a surface of 7448 ha
spanning a rather steep elevation gradient from
~1200 to 1900 m asl (Fig. 1).
The climate is Mediterranean although sum-
mer aridity is progressively attenuated with
increasing altitude due to lower temperatures
and higher precipitation. At 1200 m asl, mean
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annual temperature, TJanuary, TJuly, and mean
annual precipitation are 10°, 3°, 19°C, and
700 mm, respectively, whereas at 1900 m asl, val-
ues are 6°, 1°, 16°C, and 1300 mm, respectively.
The typical Mediterranean summer drought is
not particularly severe in this mountainous area
of central Spain, lasting two months at low eleva-
tions and only one month in the summit areas.
Vegetation mostly consists of dense natural
stands of P. sylvestris L., with Quercus pyrenaica
Willd, Sorbus aucuparia L., Prunus avium L., and
Ilex aquifolium L. as the main accompanying tree
species. Toward the low elevation limit of the for-
est, Q. pyrenaica becomes more abundant, partic-
ularly in the understory, whereas at the upper
forest limit (tree line ecotone), the pinewood gets
more open and mountain shrubs, such as Junipe-
rus communis L. subsp. alpina, Cytisus oromediter-
raneus Rivas Mart., Adenocarpus hispanicus Lam
(DC), and Vaccinium myrtillus L., are abundant in
the understory. The main human activities in the
Valsaın forest comprise extensive cattle ranching,
pine logging, and recreational activities.
Forest management: shelterwoods in the
Mediterranean
The Valsaın pinewood has been managed since
1889, that is, for more than a century. The main
goal of forest management has traditionally been
the production of high-quality timber of
P. sylvestris, while, at the same time, guarantee-
ing protection against erosion/flooding, avoiding
the occurrence of insect and pest outbreaks, and
allowing cattle and horse ranching. Nature pro-
tection, landscape preservation, and recreational
uses have substantially gained importance over
the last decades. For management purposes, the
forest is divided into three blocks (secciones) and
eleven logging units (cuarteles), managed accord-
ing to the floating block method. Nine of these
units are mostly devoted to timber production,
whereas the two remaining units are dedicated
to recreational activities and protection against
natural hazards (such as flooding, erosion, land-
slides, and debris flows). The production units
are managed according to the shelterwood group
selection silvicultural system, whereas the single
tree selection system is applied to the protection
and recreation units. Scots pine is a light
demanding, shade intolerant species in most of
its range, but in Mediterranean forests, regenera-
tion can be low in exposed sites due to high sum-
mer seedling mortality. The shelterwood group
selection silvicultural system approach guaran-
tees proper regeneration, as seedlings benefit
from partial shade during the dry summer, espe-
cially on south facing slopes. The approach is
hence preferred over clear cutting for both eco-
logical and social reasons. The rotation period is
120 yr for P. sylvestris in the Valsaın pinewood
Fig. 1. Location of the study area on the Central Iberian Peninsula. The Valsaın forest is located on the northern
slope of the Guadarrama Mountains (Spain).
 v www.esajournals.org 3 August 2020 v Volume 11(8) v Article e03201
MADRIGAL-GONZALEZ ETAL.
for the logging units, with intermediate thinning
to improve wood quality and to reduce competi-
tion in young stands. Finally, certain volumes of
standing and lying deadwood are left at the site
to promote biodiversity.
Forest and climate data
We used the historical shelterwood cutting
data from the Valsaın pinewood recorded in each
of the management plans carried out in 1941
(1941–1947), 1948 (1948–1957), 1958 (1958–1964),
1965 (1965–1988), 1989 (1989–1998), and 1999
(1999–2010). This dataset includes detailed infor-
mation related to tree harvesting and the reasons
of forestry interventions, with the latter being
separated into ordinary causes (i.e., wood
exploitation), drought, regeneration improve-
ment, forest clearing, or extraordinary damage
(Cabrera and Dones, 2010). These records there-
fore also include information on mortality and
allow disentangling management-induced from
natural mortality patterns. In the present work,
we use the number of dead trees (natural causes
only) registered between consecutive forest
inventories and divided their number by the
number of years of the time period under consid-
eration. The information contained in the man-
agement plans covers all the extension of the
Valsaın pinewood and is spatially aggregated at
the logging unit level. This dataset, along with
detailed management unit cartography, also pro-
vides a unique chronosequence to study the
effects of forest structure on different ecological
processes, including mortality. Based on this
information, relative tree mortality was defined
as the number of trees that died from natural
causes (percentage, relative to the total number
of trees at the beginning of a given period) per
hectare and year (no.ha1yr1) at each logging
unit. At the logging units, we obtained wood vol-
ume (m3/ha) and used it as a surrogate of tree
stocks derived from the management plans.
Average elevation (masl) in each logging unit
was derived from the existing Lidar Digital Ele-
vation Model (DEM) data provided by the
Valsaın pinewood authorities. Climate data were
retrieved from different sources: Wind direction
and intensity were obtained from the Navacer-
rada rain gauge station (40°470 N, 4°000 W,
1894 m asl) since 1946. In addition, we used the
North Atlantic Oscillation (NAO) index as the
major climate mode controlling weather condi-
tions on the Iberian Peninsula (Lopez-Moreno
et al. 2011). The index is defined as the standard-
ized difference of atmospheric pressure between
Iceland and Gibraltar. In a situation where
strengthened sea-level pressure favors the forma-
tion of a strong Azores High, westerly winds
laden with moisture will be re-directed to central
and northern Europe where they cause rainy–
cold conditions. This same pattern will favor con-
tinental weather with dry–warm conditions and
high temperatures in southern Europe (Trigo
et al. 2002). In the situation where the sea-level
pressure gradient between the Azores and Ice-
land weakens, the southern will experience rainy
and comparably cold conditions. Ample evi-
dence exists for an influence of the NAO on tree
growth and forest productivity in southern Eur-
ope (Roig et al. 2009, Camarero 2011, Madrigal-
Gonzalez et al. 2017, 2018). In this study, we use
NAO index data that were retrieved from the
website of the Climate Research Unit at East
Anglia (https://crudata.uea.ac.uk/cru/data/na
o/nao.dat; Appendix S1: Fig. S1).
To quantify drought effects on tree mortality,
we employed the standardized precipitation
evapotranspiration index (SPEI; Vicente-Serrano
et al. 2010) retrieved from https://spei.csic.es/ma
p/maps.htmlmonths=1#month=2#year=2020. In
addition, we analyzed correlations between the
NAO index and winter precipitation data (accu-
mulated precipitation from December to March,
both months included) available from three
meteorological stations located nearby the Val-
sain study area (i.e., Puerto de Navacerrada,
Segovia [Zamarramala], and Rascafrıa). These
data were retrieved at annual time resolution to
demonstrate that the NAO indeed influences
local climate significantly—as stipulated in litera-
ture.
Data analyses
We modeled tree mortality as a linear function
of interactive effects between climatic variability
(NAO) and tree stocks (wood volume at the log-
ging unit level, hereafter WV, and tree density at
the logging unit level, hereafter TD) using linear
mixed models (LMM). We also included eleva-
tion in the LMM as a potential predictor of tree
mortality (Van Gunst et al. 2016). Tree mortality
data were log-transformed to meet normality
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and homogeneity of variance. We considered the
logging units in the management forest plans as
a random term since all the measurements were
periodically reported in the historical manage-
ment updates at this spatial scale. Model selec-
tion was conducted using the Akaike
information criterion corrected for small sample
size (AICc, Hurvich and Tsai, 1989). Specifically,
we started with a full model including WV, TD
and elevation and the interaction between NAO
and WV. In a first round, we removed TD, eleva-
tion, and the interaction NAO 9 WV one at a
time and compared the resulting models with
the full model using AICc. We discarded parame-
ters when their elimination resulted in models
with AICc no larger than four units compared
with the full model AICc.
Variance inflation due to potential collineari-
ties among the predictor variables was checked
using the variance inflation factor. Error distribu-
tion was explored using graphical analysis (i.e.,
q-q plots and residuals vs. predicted values
plots).
Finally, we analyzed relationships between the
NAO and climatic elements of tree mortality
such as precipitation and wind regime using
Pearson’s correlation test.
RESULTS
Forest data from 1941 to 2010 show moderate
mortality overall throughout the logging units,
ranging from 0% to 7% treesha1yr1. Tree mor-
tality is, however, variable in space and time
according to climatic variability and tree stock
dynamics. The highest mortality rates are, on
average, observed in the period 1948–1958 (3.5%
treesha1yr1), whereas the lowest values are
found between 1941 and 1948 (1%
treesha1yr1; Fig. 2).
Interestingly, neither TD (ΔAICc TD = 6.4)
nor elevation (ΔAICc elevation = 5.6) were sup-
ported as predictors of tree mortality in the
Valsaın pinewood. In turn, the LMM supports
the occurrence of interactive effects between the
NAO and WVon tree mortality (ΔAICc = 9.3; see
parameter estimates in Table 1). This interaction
indeed points to two major peaks of mortality
(i.e., >5% treesha1yr1), (1) one related to posi-
tive NAO phases in logging units with high tree
stocks and (2) one related to negative NAO
phases in logging units with low tree stocks
(Fig. 3). The lowest tree mortality rates (i.e.,
<1 treeha1yr1) occurred during positive NAO
phases in open logging units.
The Shapiro-Wilk normality test supported a
normal distribution of residuals in the final
model (W = 0.978, P = 0.522) and the graphical
evaluation of residuals evidenced a lack of bias
in the distribution of residuals along the pre-
dicted values (Appendix S1: Fig. S2). In parallel,
correlation analyses strongly support the pre-
dominance of windy and humid weather condi-
tions during predominantly negative NAO
phases, and, on the contrary, calm and dry
weather conditions when NAO phases are posi-
tive (R = 0.92, P < 0.01 for NAO wind;
R = 0.71, P < 0.01 for NAO drought; see
Fig. 4). Correlation analyses at annual time
Fig. 2. Descriptors for tree mortality at logging unit
level per multiyear period. The calendar years repre-
sent the initial year of the multiyear period with avail-
able data.
Table 1. Parameter estimates for the supported mixed-
effects model.
Fixed effects Value SE df t P vif
(Intercept) 0.945 0.083 37 11.451 0.0000
NAO 0.184 0.051 37 3.593 0.0009 1.167
WV 0.082 0.055 37 1.502 0.1415 1.075
NAO 9 WV 0.337 0.078 37 4.325 0.0001 1.119
Note: NAO, North Atlantic Oscillation; WV, logging units
wood volume; vif, variance inflation factor.
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resolution from three meteorological stations
nearby the Valsaın study site corroborate these
results (see Appendix S1: Fig. S3).
DISCUSSION
Results support a prominent role of climate–s-
tock interaction in driving tree mortality in this
mountain pinewood. Specifically, while the rela-
tionship between the NAO index and tree mor-
tality is positive in logging units with high WV,
the relationship turns negative when WV is low.
By contrast, neither the effects of elevation nor
TD affect tree mortality. Recent findings in a
Mediterranean forest in North America reported
that altitude drives tree mortality, with peaks of
mortality in dense stands at low elevations
where lower precipitation would lead to more
intense competition for water and solar radiation
(Van Gust et al. 2016). The lack of influence of
elevation in our study might be attributed to the
large size of the logging units (hundreds of hec-
tares), which introduces relevant intra-logging
unit variation in elevation that may blur up the
mortality patterns associated with differences in
elevation among logging units. A previous study
on tree mortality on the Iberian Peninsula sug-
gested that altitudinal mortality patterns (in-
creased mortality with increasing altitude) could
be explained by the low tolerance of Mediter-
ranean tree species to cold temperatures and
frost damage (Ruiz-Benito et al. 2013). Interest-
ingly, P. sylvestris is an Eurosiberian tree species
that reaches its southernmost limit in these Ibe-
rian forests. It is therefore not surprising that
mortality rates do not increase significantly in a
tree species that is so well-adapted to cold condi-
tions when moving upwards within the study
site. More so, resistance to cold temperatures in
P. sylvestris has been observed even in early onto-
genetic stages of development in northern lati-
tudes (Rikala and Repo 1987).
One of the two peaks of tree mortality
observed in the Valsaın pinewood occurs during
the positive NAO phase associated with
increased aridity due to blocking of North Atlan-
tic storm tracks from reaching the Iberian Penin-
sula by the Azores high-pressure system (Trigo
et al. 2002). This finding reinforces the role of
drought as one of the main abiotic drivers of for-
est dynamics in temperate latitudes (Bigler et al.
2006). Accordingly, minimum tree growth and
Fig. 3. Colored regression plot for tree mortality as a function of the North Atlantic Oscillation and discretized
tree stocks (wood volume, WV m3/ha) into high and low categories (above and below the median, respectively).
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forest productivity in Iberian pine forests occur
during positive NAO phases throughout the
20th century (Madrigal Gonzalez et al. 2017,
2018). On the Iberian Peninsula, a number of cor-
relational studies have highlighted the important
role of climate change-related droughts in trig-
gering forest dieback in the past (Carnicer et al.
2011, Sanchez-Salguero et al. 2012, Heres et al.
2014, Gea-Izquierdo et al. 2014). Further, on the
one hand, some studies proved that the linkages
between drought and latter tree defoliation are a
complex phenomenon partly mediated by grow-
ing incidence of defoliating insects under rising
temperatures and aridity (Carnicer et al. 2011).
On the other hand, some studies showed that
tree crowding can aggravate the negative
impacts of drought by exacerbating water
demand related to enhanced competition (Vila-
Cabrera et al. 2011).
Results show quite clearly that increased
standing biomass correlates to higher tree mor-
tality during drier periods, thus supporting the
aggravating role of crowding in drought-induced
mortality. Forest densification has been proposed
as one of the most important predisposing fac-
tors to mortality in water-limited environments
for P. sylvestris (Vila-Cabrera et al. 2011, 2013,
Ruiz-Benito et al. 2013) and other species with
similar ecological requirements such as Abies pin-
sapo (Linares et al. 2009). For this reason, moder-
ate thinning has been proposed as an
appropriate management strategy to reduce tree
mortality through alleviating water stress locally
(Vila-Cabrera et al. 2011, but see Camarero et al.
2011). At the same time, results also support a
peak in tree mortality during predominantly
negative NAO phases. In Mediterranean-type cli-
mates, precipitation is more abundant during
autumn and winters with prevailing negative
NAO phases, in turn related to an increased fre-
quency and intensity of winter storms. At the
study site, this is indeed evidenced by the strong
negative relationship between wind speed and
the NAO (R = 0.92). Classical works suggest
that wind is a major ecological factor affecting
tree fitness and survival in mountain areas
(Ennos 1997), where it can indeed interact with
forest stocks in a similar way than snow or ice
glaze, thereby promoting tree mortality. This
means that trees with too high height:diameter
ratios will be more vulnerable to strong winds
due to trunk instability, and mortality rates
should therefore be higher in crowded forest
stands (Wonn and O’Hara 2001). Additionally,
previous research in the study area supports a
significant increase of flash flooding events caus-
ing notable tree mortality associated with sudden
snow melting and heavy rain during negative
NAO phases (Ballesteros-Canovas et al. 2015).
Surprisingly, our results point to opposite trends,
with tree mortality rising during negative NAO
in open forest sections. Classical models suggest
that in dense stands, tree stability of average
trees tends to decrease as the height:diameter
ratio increases, which is usually a major conse-
quence of stem over-elongation due to shady
conditions imposed by canopy trees (see, e.g.,
Vospernik et al. 2010). This implies that in denser
Fig. 4. Scatterplots for the relationships between the
North Atlantic Oscillation (NAO) and wind regime
(m/s) and standardized precipitation evapotranspira-
tion index (SPEI).
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stands, less stable trees—usually average and
suppressed trees—are more prone to fail under
strong winds, snowfall, and ice glaze (Won and
O’Hara 2001). Nonetheless, our results may still
be reconciled with classical forest ecological
knowledge considering a potential trade-off
associated with shelterwood thinning practices
in Mediterranean forests. On the one hand,
sequential thinning over a period of 30–50 yr
promotes tree regeneration and provides protec-
tion to seedlings against summer drought via
shading. On the other hand, shading induces
high height:diameter ratios in juvenile pine trees.
As thinning progressively reduces the density of
old trees, saplings with high height:diameter
ratios become more and more exposed to winter
meteorological events and wind. Alternatively,
one might consider that less crowded forest sec-
tions of the Valsaın pinewood cover bare rocky
soils on steep slopes at high elevation where trees
are more exposed to wind, snow, and ice glaze
than forest sections on gentler slopes with more
developed soils where tree density is much
higher. Nonetheless, trees in naturally open for-
ests tend to invest more into radial than longitu-
dinal growth, with a typical stocky architecture
that is often a good adaptation to overexposure
to wind and snow (Poorter et al. 2003, Lines et al.
2012).
Our findings provide relevant clues for the
application of traditional shelterwood thinning
(i.e., adaptation measures) in this and other P.
sylvestris dry-edge populations under ongoing
climate change. Indeed, the multi-faceted cli-
mate–stock interactions driving tree mortality
represent a major challenge for the coming dec-
ades. On the one hand, increased aridity will
impose further restrictions to growth and
extended rotation periods will probably be
needed to ensure recruitment survival and
growth under the canopy of mature trees (Linder
2000). On the other hand, the observed trade-off
will simultaneously expose the less crowded sec-
tions to increased risk of mortality as a likely
consequence of too high height:diameter ratios in
saplings due to their development in shaded
environments for longer time periods. Climate
change adaptations may imply changes in the
thinning calendar, for example, through an
advancement of secondary preparatory thinning
to avoid plastic adjustments under shade
conditions. These procedures are more related to
timber quality and maybe adequate for specific
productive forests but should be revisited when
elevated risks can jeopardize the benefits. A thor-
ough review of the optimum tree densities along
the management calendar is thus needed to mini-
mize tree mortality due to winter events while
maintaining acceptable survival rates during
prolonged/intense dry spells. Our results are also
relevant for proper design and parameterization
of dynamic global vegetation models (e.g., Med-
vigy and Moorcrof 2012), particularly in the rear
edge, suggesting interactions between episodic
climatic induced mortality and tree density.
ACKNOWLEDGMENTS
We are very grateful to Javier Dones for his great
help with the access to data (Centro de Montes y Aser-
radero de Valsaın, Ministerio de Transicion Ecologica,
Gobierno de Espa~na). We acknowledge support from
grants DARE (RTI2018-096884-B-C32, MICINN, Spain)
and FUNDIVER (MINECO, CGL2015-69186-311 C2-2-
R, Spain) funded this work.
LITERATURE CITED
Allen, C. D., et al. 2010. A global overview of drought
and heat-induced tree mortality reveals emerging
climate change risks for forests. Forest Ecology and
Management 259:660–684.
Anderegg, W. R., T. Klein, M. Bartlett, L. Sack, A. F.
Pellegrini, B. Choat, and S. Jansen. 2016. Meta-anal-
ysis reveals that hydraulic traits explain cross-spe-
cies patterns of drought-induced tree mortality
across the globe. Proceedings of the National Acad-
emy of Sciences of the United States of America
113:5024–5029.
Ballesteros-Canovas, J. A., C. Rodrıguez-Morata, V.
Garofano-Gomez, J. Rubiales, R. Sanchez-Salguero,
and M. Stoffel. 2015. Unravelling past flash flood
activity in a forested mountain catchment of the
Spanish Central System. Journal of Hydrology
529:468–479.
Barbeito, I., M. A. Dawes, C. Rixen, J. Senn, and P.
Bebi. 2012. Factors driving mortality and growth at
treeline: a 30-year experiment of 92 000 conifers.
Ecology 93:389–401.
Bigler, C., O. U. Br€aker, H. Bugmann, M. Dobbertin,
and A. Rigling. 2006. Drought as an inciting mor-
tality factor in Scots pine stands of the Valais,
Switzerland. Ecosystems 9:330–343.
Bigler, C., D. G. Gavin, C. Gunning, and T. T. Veblen.
2007. Drought induces lagged tree mortality in a
 v www.esajournals.org 8 August 2020 v Volume 11(8) v Article e03201
MADRIGAL-GONZALEZ ETAL.
subalpine forest in the Rocky Mountains. Oikos
116:1983–1994.
Breshears, D. D., et al. 2009. Tree die-off in response to
global change-type drought: mortality insights
from a decade of plant water potential measure-
ments. Frontiers in Ecology and the Environment
7:185–189.
Cabrera, M., and J. Dones. 2010. Digitalizacion de los
libros de cortas desde 1939 y su implementacion en
el GIS del centro de montes de Valsaın. Technical
document. Ministry of Agriculture (Spain), Fish-
eries and Food, Spain.
Camarero, J. J., C. Bigler, J. C. Linares, and E. Gil-
Pelegrın. 2011. Synergistic effects of past historical
logging and drought on the decline of Pyrenean sil-
ver fir forests. Forest Ecology and Management
262:759–769.
Camarero, J. J., A. Gazol, G. Sang€uesa-Barreda, J. Oliva,
and S. M. Vicente-Serrano. 2015. To die or not to
die: early warnings of tree dieback in response to a
severe drought. Journal of Ecology 103:44–57.
Camarero, J. J. 2011. Direct and indirect effects of the
North Atlantic Oscillation on tree growth and for-
est decline in northeastern Spain. Pages 129–152 in
S. M. Vicente-Serrano and R. M. Trigo, editor.
Hydrological, Socioeconomic and Ecological
Impacts of the North Atlantic Oscillation in the
Mediterranean Region. Springer Science & Busi-
ness Media, Dordrecht, Germany.
Canadell, J. G., and M. R. Raupach. 2008. Managing
forests for climate change mitigation. Science
320:1456–1457.
Carnicer, J., M. Coll, M. Ninyerola, X. Pons, G. San-
chez, and J. Penuelas. 2011. Widespread crown
condition decline, food web disruption, and ampli-
fied tree mortality with increased climate change-
type drought. Proceedings of the National Acad-
emy of Sciences of the United States of America
108:1474–1478.
Dale, V. H., et al. 2001. Climate change and forest dis-
turbances: Climate change can affect forests by
altering the frequency, intensity, duration, and tim-
ing of fire, drought, introduced species, insect and
pathogen outbreaks, hurricanes, windstorms, ice
storms, or landslides. BioScience 51:723–734.
Dobbertin, M., and A. Rigling. 2006. Pine mistletoe
(Viscum album ssp. austriacum) contributes to Scots
pine (Pinus sylvestris) mortality in the Rhone valley
of Switzerland. Forest Pathology 36:309–322.
Ennos, A. R. 1997. Wind as an ecological factor. Trends
in Ecology & Evolution 12:108–111.
Franklin, J. F., H. H. Shugart, and M. E. Harmon. 1987.
Tree death as an ecological process. BioScience
37:550–556.
Gea-Izquierdo, G., B. Viguera, M. Cabrera, and I.
Ca~nellas. 2014. Drought induced decline could por-
tend widespread pine mortality at the xeric ecotone
in managed Mediterranean pine-oak woodlands.
Forest Ecology and Management 320:70–82.
Heres, A. M., J. Martınez-Vilalta, and B. C. Lopez.
2012. Growth patterns in relation to drought-in-
duced mortality at two Scots pine (Pinus sylvestris
L.) sites in NE Iberian Peninsula. Trees 26:621–630.
Heres, A. M., J. Voltas, B. C. Lopez, and J. Martınez-
Vilalta. 2014. Drought-induced mortality selec-
tively affects Scots pine trees that show limited
intrinsic water-use efficiency responsiveness to
raising atmospheric CO2. Functional Plant Biology
41:244–256.
Herrero, A., J. Castro, R. Zamora, A. Delgado-Huertas,
and J. I. Querejeta. 2013. Growth and stable isotope
signals associated with drought-related mortality
in saplings of two coexisting pine species. Oecolo-
gia 173:1613–1624.
Hurvich, C. M., and C. L. Tsai. 1989. Regression and
time series model selection in small samples. Bio-
metrika 76:297–307.
Kajimoto, T., H. Daimaru, T. Okamoto, T. Otani, and
H. Onodera. 2004. Effects of snow avalanche dis-
turbance on regeneration of subalpine Abies marie-
sii forest, northern Japan. Arctic, Antarctic, and
Alpine Research 36:436–445.
Linares, J. C., A. Delgado-Huertas, J. J. Camarero, J.
Merino, and J. A. Carreira. 2009. Competition and
drought limit the response of water-use efficiency
to rising atmospheric carbon dioxide in the
Mediterranean fir Abies pinsapo. Oecologia 161:611–
624.
Linder, M. 2000. Developing adaptive forest manage-
ment strategies to cope with climate change. Tree
Physiology 20:299–307.
Lines, E. R., M. A. Zavala, D. W. Purves, and D. A.
Coomes. 2012. Predictable changes in aboveground
allometry of trees along gradients of temperature,
aridity and competition. Global Ecology and Bio-
geography 21:1017–1028.
Lopez-Moreno, J. I., S. M. Vicente-Serrano, E. Moran-
Tejeda, J. Lorenzo-Lacruz, A. Kenawy, and M.
Beniston. 2011. Effects of the North Atlantic Oscil-
lation (NAO) on combined temperature and pre-
cipitation winter modes in the Mediterranean
mountains: observed relationships and projections
for the 21st century. Global and Planetary Change
77:62–76.
Madrigal-Gonzalez, J., et al. 2017. Forest productivity
in southwestern Europe is controlled by coupled
North Atlantic and Atlantic Multidecadal Oscilla-
tions. Nature Communications 8:2222.
 v www.esajournals.org 9 August 2020 v Volume 11(8) v Article e03201
MADRIGAL-GONZALEZ ETAL.
Madrigal-Gonzalez, J., E. Andivia, M. A. Zavala, M.
Stoffel, J. Calatayud, R. Sanchez-Salguero, and J.
Ballesteros-Canovas. 2018. Disentangling the rela-
tive role of climate change on tree growth in an
extreme Mediterranean environment. Science of
the Total Environment 642:619–628.
Mason, W. L. 2002. Are irregular stands more wind-
firm? Forestry 75:347–355.
McDowell, N. G., D. J. Beerling, D. D. Breshears, R. A.
Fisher, K. F. Raffa, and M. Stitt. 2011. The interde-
pendence of mechanisms underlying climate-dri-
ven vegetation mortality. Trends in Ecology &
Evolution 26:523–532.
Medvigy, D., and P. R. Moorcroft. 2012. Predicting
ecosystem dynamics at regional scales: an evalua-
tion of a terrestrial biosphere model for the forests
of northeastern North America. Philosophical
Transactions of the Royal Society B: Biological
Sciences 367:222–235.
Poorter, L., F. Bongers, F. J. Sterck, and H. W€oll. 2003.
Architecture of 53 rain forest tree species differing
in adult stature and shade tolerance. Ecology
84:602–608.
Rikala, R., and T. Repo. 1987. Frost resistance and Frost
damage in Pinus sylvestris seedlings during shoot
elongation. Scandinavian Journal of Forest
Research 2:433–440.
Roig, F. A., D. Barriopedro, R. Garcıa Herrera, D.
Paton Domınguez, and S. Monge. 2009. North
Atlantic Oscillation signatures in western Iberian
tree-rings. Geografiska Annaler: Series A, Physical
Geography 91:141–157.
Ruiz-Benito, P., E. R. Lines, L. Gomez-Aparicio, M. A.
Zavala, and D. A. Coomes. 2013. Patterns and dri-
vers of tree mortality in Iberian forests: Climatic
effects are modified by competition. PLOS ONE 8:
e56843.
Sanchez-Salguero, R., R. M. Navarro-Cerrillo, T.
W. Swetnam, and M. A. Zavala. 2012. Is
drought the main decline factor at the rear edge of
Europe? The case of southern Iberian pine planta-
tions. Forest Ecology and Management 271:158–
169.
Sevanto, S., N. G. McDowell, L. T. Dickman, R. Pangle,
and W. T. Pockman. 2014. How do trees die? A
test of the hydraulic failure and carbon starva-
tion hypotheses. Plant, Cell & Environment
37:153–161.
Trigo, R. M., T. J. Osborn, and J. M. Corte-Real. 2002.
The North Atlantic Oscillation influence on Eur-
ope: climate impacts and associated physical mech-
anisms. Climate Research 20:9–17.
Trigo, R. M., D. Pozo-Vazquez, T. J. Osborn, Y. Castro-
Dıez, S. Gamiz-Fortis, and M. J. Esteban-Parra.
2004. North Atlantic Oscillation influence on pre-
cipitation, river flow and water resources in the
Iberian Peninsula. International Journal of Clima-
tology 24:925–944.
Van Gunst, K. J., P. J. Weisberg, J. Yang, and Y. Fan.
2016. Do denser forests have greater risk of tree
mortality: a remote sensing analysis of density-de-
pendent forest mortality. Forest Ecology and Man-
agement 359:19–32.
Vicente-Serrano, S. M., S. Beguerıa, and J. I. Lopez-
Moreno. 2010. A multiscalar drought index sensi-
tive to global warming: the standardized precipita-
tion evapotranspiration index. Journal of Climate
23:1696–1718.
Vila-Cabrera, A., J. Martınez-Vilalta, L. Galiano, and J.
Retana. 2013. Patterns of forest decline and regen-
eration across Scots pine populations. Ecosystems
16:323–335.
Vila-Cabrera, A., J. Martınez-Vilalta, J. Vayreda, and J.
Retana. 2011. Structural and climatic determinants
of demographic rates of Scots pine forests across
the Iberian Peninsula. Ecological Applications
21:1162–1172.
Vospernik, S., R. A. Monserud, and H. Sterba. 2010.
Do individual-tree growth models correctly repre-
sent height: diameter ratios of Norway spruce and
Scots pine? Forest Ecology and Management
260:1735–1753.
Wermelinger, B., A. Rigling, D. Schneider Mathis, and
M. Dobbertin. 2008. Assessing the role of bark-and
wood-boring insects in the decline of Scots pine
(Pinus sylvestris) in the Swiss Rhone valley. Ecologi-
cal Entomology 33:239–249.
Wonn, H. T., and K. L. O’Hara. 2001. Height: diameter
ratios and stability relationships for four northern
Rocky Mountain tree species. Western Journal of
Applied Forestry 16:87–94.
Young, D. J., J. T. Stevens, J. M. Earles, J. Moore, A.
Ellis, A. L. Jirka, and A. M. Latimer. 2017. Long-
term climate and competition explain forest mor-
tality patterns under extreme drought. Ecology
Letters 20:78–86.
SUPPORTING INFORMATION
Additional Supporting Information may be found online at: http://onlinelibrary.wiley.com/doi/10.1002/ecs2.
3201/full
 v www.esajournals.org 10 August 2020 v Volume 11(8) v Article e03201
MADRIGAL-GONZALEZ ETAL.
